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DEVELOPMENT  OF  AN  IN-VITRO  TECHNIQUE  TO  STUDY  VIBRATION  INDUCED  SPINAL  INJURY. 
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The  etiology  of  most  types  of  low  back  pain  (LBP)  remains  unknown.  Spinal  instability*  secondary  to 
intervertebral  disc  injury  has  been  hypothesized  as  an  important  cause.  Many  investigators  have  identified 
epidemiological  evidence  that  associates  long-term  industrial  vibration  exposure  with  LBP.  Long-term  exposure  to 
vibrations  probably  causes  instability  via  intervertebral  disc  injury  that  manifests  as  LBP. 

The  purpose  of  this  experiment  was  to  develop  an  in-vitro  model  that  would  allow  researchers  to 
investigate  the  physiologic  response  of  human  spine  to  vibrations.  We  hypothesize  that  by  exposing  cadeveric 
spine  to  certain  vibrations,  one  may  alter  spinal  stability  via  intervertebral  disc  injury.  Theoretically  one  may 
then  quantify  these  alterations  by  detecting  different  intervertebral  vibratory  transmission  patterns  for  the  pre- 
and  post-injury  states. 

Several  mechanical  apparati  capable  of  transmitting  vibrations  to  human  cadaveric  lumbar  spine  were 
developed  and  constructed.  Each  apparatus  was  rigidly  attached  to  an  epoxy-mounted,  3  vertebra  lumbar-spine 
segment.  All  soft  tissue  was  dissected  from  each  specimen  leaving  only  the  ligamentous  spine  with  vertebrae,  discs 
and  attached  ligaments.  Specimens  were  vibrated  at  predetermined  amplitudes,  frequencies  and  time  intervals  to 
assess  the  adequacy  of  each  model.  Electronic  markers  secured  to  the  vertebral  bodies  were  used  to  track  the  three- 
dimensional  motion  of  each  vertebral  segment  with  the  aid  of  the  Optotrak  Motion  Measuring  System  ,  and  a 
microcomputer-assisted  digital  data  acquisition  unit.  Software  was  written  to  perform  data  analysis. 

Several  inadequate  models  were  developed  before  obtaining  one  that  was  capable  of  providing  uniform 
vibrations  over  the  desired  range  of  frequencies  and  amplitudes.  This  model  consisted  of  a  long  steel  crankshaft 
adjoining  an  electric-motor-powered  wheel  on  one  end  and  the  test  specimen  on  the  other.  This  apparatus  was 
capable  of  providing  consistent  cyclical  motion  at  adjustable  amplitudes  (3-12  mm  @  3  mm  intervals)  and 
frequencies  (0-32  Hz  @  2-3  Hz  intervals)  of  vibration.  Once  the  model  was  obtained,  a  multi-staged  protocol  was 
developed  to  systematically  injure  and  evaluate  the  stability  of  each  specimen  before  and  after  injury.  One 
specimen  has  been  tested  with  this  model. 

Further  specimen  testing  using  the  aforementioned  study  protocol  and  vibration  producing  apparatus  need 
to  be  conducted  before  conclusions  may  be  drawn  regarding  the  vibration  induced  instability  hypothesis. 

’'Definition:  instability  -  A  spine  is  defined  as  "unstable"  when  typical  patterns  of  motion  change  in  response  to 
physiologic  loading. 
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1.  Introduction 


Low  back  pain  (LBP)  has  been  described  as  the  nemesis  of  medicine  and 
the  albatross  of  industry.  It  is  a  major  societal  problem  affecting  most  adults 
at  some  point  in  their  lives.  Experts  estimate  the  lifetime  prevalence  of  LBP 
in  the  United  States  to  be  approximately  75%,  plausibly  costing  the  US 
economy  greater  than  SO  billion  dollars  per  year.  114  The  lumbar  spine  has 
been  shown  to  be  the  source  of  disability  for  the  majority  of  patients 
complaining  of  chronic  LBP,  yet  the  precise  diagnosis  remains  unknown  in 
80-90  percent  of  cases.  Consequently,  most  practitioner  are  forced  to  judge 
disability  on  subjective  findings.  In  addition,  the  present  treatments  for 
chronic  LBP  are  generally  ineffective  leaving  patients  incapacitated, 
employers  frustrated  and  physicians  perplexed. 

Like  many  diseases  in  medicine,  the  identification  of  an  etiology  is  the 
first  step  to  finding  a  cure.  The  ultimate  goal  of  this  research  was  to  test  the 
instability  hypothesis  as  an  etiology  of  LBP.  We  used  vibrations  as  a  testing 
tool.  With  its  cause  defined,  one  may  then  more  specifically,  scientifically, 
and  successfully  treat  the  chronic  aching  back. 

1.  1.  Clinical  Perspective 

Low  back  pain  is  one  of  the  top  five  reasons  that  bring  adults  to  the 
physician's  office.  4  It  impairs  over  12  million  in  the  United  States  and 
accounts  for  almost  3%  of  all  physician  visits.  At  any  given  point  in  time  15- 
20%  of  Americans  will  complain  of  low  back  symptoms.  1004  LBP  has  an 
overall  annual  incidence  of  5%,  a  lifetime  prevalence  of  75%.  and  a 
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recurrence  rate  of  approximately  75%.1'3,1"1  In  other  words,  one  out  of  every 
twenty  adults  in  the  US  will  need  to  see  a  physician  for  low  back  pain  each 
year.  Over  the  course  of  a  lifetime,  three-quarters  of  Americans  will 
experience  disabling  back  pain  and  of  these,  three  out  of  four  will  have  more 
than  one  episode.  In  short,  LBP  is  a  common  medical  condition  in  American 
society. 

Although  the  incidence  of  LBP  has  not  increased  in  recent  years  the 
amount  of  money  spent  on  disability  from  LBP  has  risen  considerably. 
Frymoyer  estimates  that  direct  costs  of  LBP  from  1984  to  1990  in  the  United 
States  have  risen  from  $15  to  $24  billion  respectively. 4  "Direct  costs"  refer  to 
expenses  towards  medical  care  goods  and  services.  The  calculation  of 
"indirect  costs",  or  expenditures  due  to  lost  work,  has  been  variable  and  much 
more  controversial.  These  are  estimated  to  be  anywhere  from  1  to  4  times 
more  than  the  direct  costs.  Loeser  estimates  that  every  year  14%  of  the  US 
workforce  will  lose  at  least  one  day  of  work  due  to  LBP.  In  addition  an 
annual  2%  of  all  US  workers  will  be  monetarily  compensated  for  back  injury 
making  LBP  the  fourth  most  common  reason  to  collect  social  security 
disability  payments. 5  In  short,  the  disability  costs  of  LBP  are  great,  adding 
incentive  for  patients,  physicians  and  employers  alike  to  find  a  cure. 

1.  1.  1.  Etiology  of  Low-Back  Pain  (LBPl 
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LBP  is  a  symptom,  not  a  disease.  It  originates  from  a  variety  of 
conditions,  some  better  defined  that  others.  These  conditions  may  be 
classified  as  either  non-mechanical  or  mechanical  in  origin. 

Systemic  illness  accounts  for  the  majority  of  non-mechanical  causes  of 
LBP.  These  include  tumors  (e.g.  osteoid  osteoma,  multiple  myeloma  or 
skeletal  metastases),  infection(  e.g.  vertebral  osteomyelitis,  discitis,  epidural 
abscess),  rheumatologic  disease  (e.g.  ankylosing  spondylitis,  Reiter's 
syndrome,  psoriatic  arthritis,  enteropathic  arthritis,  polymyalgia  rheumatica, 
fibrositis)  endocrinologic/metabolic  disorder  (e.g.  osteoporosis,  osteomalacia)  , 
hematologic  disease  (e.g.  hemoglobinopathies,  myelofibrosis),  and  referred 
pain  (e.g.  from  gastrointestinal,  genitourinary,  pelvic  and  vascular  pathology). 
The  aforementioned  conditions  are  responsible  for  only  a  small  portion  of 
patients  reporting  symptoms.  Some  experts  estimate  that  less  than  3%  of 
patients  with  LBP  will  be  diagnosed  with  one  of  these  serious  illnesses. 6 

Most  episodes  of  LBP  are  presumed  to  be  mechanical  in  origin  ,s 
According  to  the  International  Classification  of  Diseases  (ICD-9-CM), 
"mechanical"  low  back  pain  includes  those  episodes  without  a  primary 
neoplastic,  infectious,  or  inflammatory  cause.  The  ICD-9-CM  also  excludes 
back  pain  associated  with  pregnancy  or  major  trauma.  Eight  clinical 
categories  comprising  sixty-six  diagnoses  have  been  defined.  '  These  eight 
categories  include  herniated  disc,  probably  degenerative  changes  (e.g. 
spondylosis,  degenerated  intervertebral  disc),  spinal  stenosis,  possible 
instability  (e.g.  spondylolysis,  acquired  spondylolisthesis),  fractures  (closed. 
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without  spinal  cord  involvement),  non-specific  backache  (e.g.  unspecified 
backache,  psychogenic  backache,  lumbago,  sprains,  strains),  sequelae  of 
previous  back  surgery  and  a  miscellaneous  category  (e.g.  congenital 
anomalies,  sciatica,  idiopathic  scoliosis).  In  a  1995  study  of  mechanical  LBP 
patients  using  the  above  classification  (excluding  fractures).  Hart  et.al.  found 
that  57%  of  mechanical  LBP  problems  were  of  the  type  "non-specific  in 
origin".  3  Their  results  support  the  widely  accepted  notion  that  many  patients 
will  never  receive  a  definitive  diagnosis  for  their  low-back  symptoms. 

Pain  is  the  non-specific  manifestation  of  a  variety  of  pathology.  In 
short,  the  information  regarding  the  tissue  mediators  of  pain  remains  scarce 
and  with  the  exception  of  the  above  studies,  hypothetical.  Intervertebral  discs 
and  ligamentous  structures  lead  the  list  of  postulated  sources.  23,  23‘  '2'  34 
Myofascial  or  muscular  origins  of  LBP  have  also  been  proposed.  33  Spinal 
stenosis  (i.e.  narrowing  of  the  spinal  canal  and/or  spinal  nerve  root  exit 
spaces)  and  spondylolisthesis  (i.e.  forward  shift  of  one  vertebra  on  another) 
are  well  accepted  mechanisms  of  pain  production  but  diagnostic  criteria  for 
these  conditions  remain  ill-defined. 

1.  1.  2.  Evaluation  of  Pain: 

1.  1.  2.  a.  History: 

The  clinician  may  obtain  valuable  information  from  the  patient 
history  to  help  distinguish  mechanical  from  non-mechanical  back  pain. 
Clues  to  non-mechanical  sources  include  new  onset  back  pain  in  an  elderly 
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patient  or  a  history  of  pain  that  worsens  while  at  rest.  Pain  associated  with 
fever  and/or  weight  loss  may  also  suggest  a  systemic  problem  especially 
among  immunosurpressed  and  diabetic  patients.  Similarly,  severe  writhing 
pain,  pain  associated  with  urinary  symptoms,  and/or  caudal  anesthesia 
suggest  organic  origins  of  pain. 

There  are  many  risk  factors  for  mechanical  low  back  pain.  59/91  These 
include  history  of  a  previous  episode  of  low  back  pain,  increasing  age  up  to  55 
years,  living  in  Western  states,  smoking,  hard  physical  labor  (repetitive  lifting 
of  more  than  40  lbs.),  psychological  stress,  and  job  dissatisfaction.  Prolonged 
exposure  to  vibrations  from  industrial  equipment  or  driving  of  a  motor 
vehicle  has  also  been  associated  with  mechanical  LBP.  Vibration  induced 
spinal  injury  and  the  use  of  vibrations  to  diagnose  spinal  injury  will  be 
discussed  in  detail  later.  The  history  can  often  reliably  identify  a  specific 
mechanical  etiology.  Patients  with  herniated  discs  more  frequently  report 
exacerbation  of  pain  when  bending  or  attempting  to  sit.  Pain  presents  with 
sudden  onset.  Ligamentous  pain  usually  presents  with  slow  onset  and/or 
frequent  mild  recurrences.  Patients  who  complain  of  pain  exacerbation  when 
remaining  in  one  position  for  a  long  period  of  time  are  likely  to  be 
experiencing  pain  of  ligamentous  origin. 6  Sciatica  specifically  refers  to  pain 
felt  down  the  back  and  outer  side  of  the  thigh  leg  and  foot.  It  is  usually  caused 
by  degeneration  of  an  intervertebral  disc  which  protrudes  laterally  to 
compress  a  lower  lumbar  or  an  upper  sacral  nerve  root.  The  back  is  stiff  and 
painful,  and  the  onset  may  be  sudden  usually  resulting  from  an  awkward 
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lifting  or  twisting  motion.  Patients  with  sciatica  typically  complain  of 
numbness,  tingling  and  weakness  in  the  leg.  112 

Job  dissatisfaction  and  psychological  stress  are  also  associated  with 
increased  risk  for  low  back  pain  and  a  higher  degree  of  disability.  Additional 
factors  worth  noting  are  the  history  of  work  loss,  supervisor  ratings  and  job 
environment.  Most  physicians  believe  that  these  psychosocial  aspects  of  back 
pain  affect  the  onset  and  persistence  of  back  pain. 4  ls 
1.  1.  2.  b.  Physical  Exam: 

A  general  physical  exam  provides  a  systematic  way  of  ruling  out 
serious  systemic  illness.  With  these  serious  illness  ruled  out,  a  focused  back 
exam  may  confirm  a  specific  diagnosis  suggested  by  the  patient's  history. 

Alterations  in  the  normal  range  of  spinal  motion  suggest  specific 
pathology.  Disc  problems  tend  to  limit  range  of  motion  asymmetrically. 
Asymmetric  pain  reproduction  on  straight-leg  raising  also  help  differentiate 
disc  pain  from  other  types.  A  complete  neurologic  exam  may  blatantly  reveal 
deficits  at  specific  spinal  levels.  Multiple  positive  signs  significantly  increase 
the  neurological  exam's  specificity  for  disc  herniation.  1  These  findings 
include  dermatomal  patterns  of  sensory  loss,  abnormal  deep  tendon  reflex 
activity,  and  weakness  of  particular  muscle  groups.  Ninety-eight  percent  of 
all  disc  herniations  occur  at  either  L4-L5  or  L5-S1.  Hence  these  levels  should 
be  routinely  examined.  The  usefulness  of  back  palpation  is  a  matter  of 
controversy. 

1.  1.  2.  c.  Tests  and  Diagnostic  Imaging: 
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The  foundation  of  diagnosis  for  back  disorders  is  the  history  and 
physical  examination.  Objective  tests  and  radiologic  data  have  traditionally 
been  used  only  to  confirm  the  findings  of  the  history  and  physical.  Despite 
rapid  technological  advances  few  tests  are  diagnostically  beneficial.  Persistent 
weak  associations  among  symptoms,  pathological  changes  and  imaging 
results  continue  to  plague  clinical  diagnostics.  For  these  reasons  some  experts 
estimate  that  approximately  85%  of  LBP  sufferers  never  receive  a  definitive 
diagnosis. 13 

Erythrocyte  sedimentation  rates  and  blood  counts  are  useful  in  ruling 
out  infection,  rheumatologic  and  other  systemic  diseases.  Plain  radiograghs 
are  also  effective  at  excluding  these  causes  but  rarely  point  to  a  specific 
etiology.  In  fact,  many  patients  with  positive  symptoms  exhibit  normal 
radiographic  findings  and  many  others  with  no  symptoms  exhibit 
abnormality  on  radiograph.  Consequently,  routine  plain  lumbosacral 
radiographs  may  be  misleading  and  are  always  subject  to  common 
interpretive  disagreements.  Cohort  studies  show  that  the  findings  on 
standing  anteroposterior  and  lateral  radiographs  are  not  statistically  associated 
with  the  presence,  absence  or  severity  of  low  back  pain.  1 1  These  findings  led 
the  Quebec  Task  Force  on  Spinal  Disorders  in  1987  to  recommend  plain  films 
only  in  cases  of  neurological  deficit,  age  over  50  years,  age  below  20  years, 
fever,  trauma  or  signs  of  neoplasm. 

Metrizamide  myelography  had  long  been  the  gold  standard  for 
diagnosing  spinal  stenosis  and  herniated  discs.  Recently,  computer-assisted 
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tomography  and  magnetic  resonance  imaging  have  taken  over  because  they 
are  less  invasive,  better  visualize  lateral  pathology,  and  require  less  radiation 
exposure. 1014  The  accuracy's  of  myelography  as  compared  to  CT  or  MRI  are 
debatable  but  roughly  similar. 15'16  Each  of  these  imaging  modalities  has  been 
useful  in  the  preoperative  evaluation  of  patients  with  clinically  suspicious 
disc  herniation  or  spinal  stenosis.  When  CT  and  MRI  scan  data  are 
combined,  diagnostic  accuracy  for  disc  herniation  and  spinal  stenosis  exceeds 
92%. 16  Yet  routine  computed  tomography  scanning  of  EBP  patients  has  been 
shown  to  be  of  little  value  due  to  its  weak  association  with  symptomatology. 
More  than  one  out  of  every  three  normal  patients  exhibit  abnormal  findings 
on  CT  scan. 12  Boden  et  al.  obtained  similar  results  on  the  poor  specificity  of 
magnetic  resonance  imaging  for  identifying  mechanical  lesions  in  spine.  13 
Both  studies  clearly  demonstrate  the  limitations  of  current  diagnostic 
imaging  modalities  and  the  importance  of  correlating  imaging  data  with  the 
clinical  history  and  physical  examination. 

To  date,  the  best  method  for  qualitatively  evaluating  disc  degeneration 
is  discography.  Invasiveness,  intensity  of  labor  and  high-cost  prevent 
discography  from  becoming  a  tool  used  for  everyday  practice.  The  technique 
was  developed  by  Quinnell  and  Stockdale  "2  and  entails  recording  intradiscal 
pressures  for  different  postures  with  a  needle  pressure  transducer  inserted 
under  fluoroscopic  guidance.  Panjabi  et  al.  further  modified  this  technique 
via  an  in-vitro  model  and  found  a  significant  relationship  between  disc 
degeneration  and  intrinsic  intradiscal  pressures.  H 
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1.  1.  2.  d.  Treatment: 


The  major  obstacle  to  treating  low-back  pain  is  the  uncertainty  in 
diagnosis.  Understanding  disease  etiology  is  key  for  effective  preventive  and 
therapeutic  intervention.  Pain  produced  by  an  identifiable  pathologic  entity 
allows  for  specific  and  more  successful  therapy.  Unfortunately,  the  vast 
majority  of  LBP  patients  have  no  definitive  pathology  to  blame  for  their  pain. 
Consequently,  effective  treatment  guidelines  become  more  difficult  to 
formulate.  In  addition,  the  inability  to  identify  a  specific  anatomic  lesion 
complicates  one's  ability  to  monitor  therapeutic  efficacy.  Hence,  the  majority 
of  LBP  is  treated  empirically  with  little  scientific  proof  of  its  effectiveness. 
Despite  this  ambiguity  with  regard  to  efficacy,  a  surprising  90%  of  all  patients 
recover  from  LBP  within  6  weeks  irrespective  of  the  administration  or  type  of 
treatment. 6,19 

Treatment  modalities  may  be  characterized  as  either  curative  or 
symptomatic.  Curative  therapy  addresses  the  underlying  pathology  causing 
pain.  Herniated  disc  surgery  and  antibiotics  for  vertebral  osteomyelitis  are 
excellent  examples.  Symptomatic  therapy  refers  to  temporary  methods  of 
palliating  pain.  Examples  includes  bedrest,  a  variety  of  medications,  physical 
therapy,  manipulative  therapy,  and  injection  therapy.  None  of  these 
conservative  treatment  modalities  has  been  scientifically  proven  to  cure  low 
back  pain.  Massage  therapy,  acupunture  and  neural  therapy  have  been  less 
well  studied  modalities  and  have  a  proportionally  fewer  number  of 
supporters.  Below  is  a  short  review  of  the  aforementioned  treatments. 
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Lying  down  alleviates  LBP  for  many  patients.  Intradiscal  pressure 
decreases  in  the  supine  as  compared  the  sitting  position.  The  decrease  in 
pressure  presumably  accounts  for  the  pain  relief.  Hence,  bedrest  continues  to 
be  a  mainstay  of  treatment  making  it  probably  the  oldest  intervention 
routinely  recommended  by  physicians.  Recommendations  on  the 
appropriate  duration  of  bedrest  have  evolved  with  time.  Current  evidence 
suggests  that  prolonged  periods  in  bed  lengthen  recovery  time.  Deyo  found 
that  LBP  patients  randomized  to  two  days  of  bedrest  returned  to  work  45% 
more  quickly  than  those  who  remained  in  bed  longer.  2,1  The  drawbacks  to 
prolonged  bedrest  include  de-conditioning,  rapid  muscle  atrophy  and 
increased  risk  of  thrombophlebitis 

Non-steroidal  anti-inflammatory  drugs  (NSAIDs)  are  among  the  most 
frequently  prescribed  medications  for  LBP.  They  effectively  reduce  pain  of 
mechanical  origin. 22  Unfortunately,  gastritis  and/or  gastrointestinal  bleeding 
limit  long-term  NSAID  administration.  Muscle  relaxants  are  frequently 
prescribed  but  few  have  been  shown  to  be  beneficial.  Physicians  sometimes 
administer  antidepressants  to  patients  with  chronic  pain  and  narcotics  for 
patients  with  acute  pain.  Both  have  shown  limited  success.  Epidural 
injections  of  steroids  are  advocated  by  some  physicians  who  have 
demonstrated  pain  relief  in  up  to  34%  of  patients  for  up  to  six  months. 23-24 

Prolotherapy  (i.e.  injections  of  dextrose  and  sodium  morrhuate  or  dextrose, 
glycerin  and  phenol  at  ligament  insertion  sites)  is  currently  being  investigated 
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in  animal  models.  In  theory,  prolotherapy  strengthens  painful,  weakened 
attachments  of  ligaments  and  tendons  to  bone  by  increasing  fiber  thickness. 25 

Similar  to  bedrest,  physical  therapy  has  long  been  used  in  the  treatment 
of  low  back  pain.  Few  studies  have  proven  its  effectiveness.  Physical  therapy 
encompasses  ultrasound,  deep  heat  treatments,  traction,  back  braces  and 
transcutaneous  electrical  stimulation  (TENS).  Regular  exercising  to 
strengthen  back  muscles  and  improve  flexibility  prevents  back  injury  but 
yields  minimal  benefits  in  the  setting  of  acute  low  back  pain.  In  patients  with 
presumed  disc  injury,  the  physical  therapist  may  use  repetitive  directional 
tests  to  pinpoint  the  level  of  the  lesion,  alleviate  pain  and  restore  range  of 
motion.  These  tests,  known  as  McKenzie  exercises,  are  individualized  for 
each  patient. 

Chiropractors,  osteopathic  physicians,  allopathic  physicians  and 
physical  therapists  all  practice  manipulation  therapy  aimed  at  restoring 
maximal  pain-free  function  to  the  ailing  back.  Similar  to  medical 
management  of  EBP,  definitive  evidence  supporting  the  use  of  routine 
manipulation  is  not  well  documented.  The  data  that  is  available  remains 
equivocal.  Some  studies  suggest  that  the  benefits  of  chiropractic  treatment  are 
longer  lasting  than  traditional  medical  therapy.  26  As  a  result,  some 
physicians  have  begun  to  refer  patients  to  chiropractors  more  frequently.  27 
Other  randomized  prospective  trials  of  manipulation,  massage,  corset  and 
transcutaneous  muscle  stimulation  show  differently.  Pope's  study  in 
particular,  indicates  that  none  of  the  changes  in  physical  outcome  measures 
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(i.e.  range  of  motion,  fatigue,  strength  or  pain)  were  significantly  different 
between  study  patients  who  received  spinal  manipulation  and  those  who  did 
not. 93 

Seventy  to  80%  of  all  "carefully  selected"  patients  who  undergo  disc 
surgery  for  low  back  pain  show  complete  or  partial  relief  of  their  symptoms. 14/ 
2S  These  patients  largely  consist  of  those  demonstrating  radicular  pain  which 
is  refractory  to  medical  therapy,  neurological  disturbance  (decreased  reflexes, 
weakness,  paresis,  nerve  tension  signs,  diminished  sensation),  and  radiologic 
signs  of  disc  pathology.  Rothman  and  Wisneski  have  outlined  criteria  for 
choosing  patients  who  are  most  likely  to  benefit  from  back  surgery.  21  They 
conclude  that  poor  outcomes  are  more  commonly  associated  with  patients 
whose  leg  pain  exceeds  back  pain,  whose  subjective  complaints  are  not 
supported  by  neurological  deficit,  those  who  suffer  from  severe  depression 
and  those  who  are  involved  in  an  active  litigation  process.  These  findings 
have  also  been  supported  by  other  investigators.  30,31  Unfortunately,  the 
dramatic  success  of  disc  surgery  applies  to  only  1%  of  all  patients  with  LBP. 

1.  1.  2.  e.  Prognosis: 

As  stated  several  times  thus  far,  the  prognosis  for  patients  with  LBP 
varies.  Underlying  disease  pathology,  therapeutic  intervention,  and 
psychosocial  phenomenon  all  contribute  to  this  variability.  In  summary, 
"acute  LBP"  is  a  self  limited  illness,  typically  resolving  within  6  weeks  but 
episodically  recurrent.  Symptomatic  pain  management,  and  prophylactic 
exercising  adequately  rehabilitate  the  majority  of  patients.  The  course  of 
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"chronic  low  back"  pain  differs  significantly.  Fewer  than  50%  of  patients  with 
back  pain  lasting  greater  than  6  months  ever  return  to  the  work  force. 
Almost  no  one  disabled  for  more  than  two  years  ever  returns  to  work.  These 
temporarily  or  permanently  disabled  individuals  account  for  5%  of  all 
patients  and  75%  of  the  money  spent  on  LBP  each  year. 4  Many  attribute  these 
trends  in  chronic  LBP  prognosis  and  cost  distribution  to  psychosocial 
phenomenon  rather  than  disease  determinants.  Waddell  addresses  this 
phenomenon  by  encouraging  physicians  to  view  LBP  as  an  "illness"  as 
opposed  to  a  "disease".  He  suggests  that  the  American  physician's  approach 
to  LBP  has  iatrogenically  facilitated  a  recent  Western  epidemic.  11  He  blames 
the  tendency  to  overly  emphasize  pain  alone,  the  excessive  dependence  on 
the  nominal  diagnosis  of  disc  prolapse  and  the  over -prescription  therapeutic 
bedrest  for  this  phenomenon.  Regardless  of  the  philosophical  outlook, 
chronic  LBP  will  continue  to  perplex  clinicians  until  researchers  elucidate 
definitive  etiologies  and  develop  appropriate  curative  therapy. 
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1.  2.  The  Instability  Hypothesis 


Spinal  instability  has  been  proposed  by  many  to  be  an  important  cause 
of  low-back  pain  but  still  remains  poorly  defined  and  not  well  understood. 
The  following  is  a  brief  review  of  the  natural  mechanisms  of  spinal 
stabilization,  the  definition  of  clinical  instability,  and  existing  methods  of 
measuring  spinal  stability. 

1.  2.  1.  The  Spine  Stabilizing  System 

The  spine  consists  of  bone,  ligaments,  neurological  structures  and 
muscles  each  of  which  contributes  to  maintenance  of  normal  function. 
Abnormal  function  presumably  results  from  abnormal  intervertebral 
motion.  Therefore,  a  conceptual  understanding  how  the  above  spinal 
components  maintain  normal  motion  is  beneficial.  Panjabi  offers  perhaps 
the  most  compelling  hypothesis  on  the  organization  of  the  spine  stabilizing 
system. 35 

Changes  in  posture  as  well  as  in  static  and  dynamic  loading 
instantaneously  vary  the  stability  demands  of  the  spinal  column.  Panjabi 
described  three  functionally  interdependent  spinal  stabilizing  subsystems  that 
work  together  to  keep  up  with  these  demands.  These  include  the  passive 
musculoskeletal  subsystem,  the  active  musculoskeletal  subsystem  and  the 
neural  feedback  subsytem.  The  passive  subsytem  pertains  to  vertebrae,  facet 
articulations,  intervertebral  discs,  ligaments  and  joint  capsules.  This 
subsystem  defines  specific  stability  requirements.  The  active  subsystem 
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consists  of  muscles  and  tendons  surrounding  the  spinal  column.  These 
structures  generate  reactive  forces  to  resist  spinal  motion.  Central  nervous 
system  control  centers  as  well  as  motion  and  force  transducers  located  in 
muscles,  tendons,  and  ligaments  make-up  the  neural  feedback  subsytem. 
This  subsystem  monitors  stability  requirements  and  appropriately  adjusts 
reactive  responses  until  the  required  stability  is  achieved.  Injury, 
degradation,  degeneration  or  disease  of  any  one  of  the  subsystems  initiates 
compensatory  responses  by  the  others.  These  compensatory  responses  are 
believed  to  re-establish  immediate  stability  but  over  the  long  term  lead  to 
chronic  dysfunction  and  pain. 

1.  2.  2.  Clinical  Instability 

What  does  instability  mean  and  how  does  it  lead  to  pain  generation? 
Instability  is  a  mechanical  entity.  An  unstable  structure  is  not  in  a  optimal 
state  of  equilibrium.  With  regard  to  the  spine,  stability  is  affected  by 
restraining  structures  that,  if  damaged  or  lax,  will  alter  equilibrium.  In  the 
simplest  of  terms,  instability  means  a  loss  of  stiffness. 47  Since  unstable  spines 
are  less  stiff,  they  exhibit  abnormally  large  intervertebral  motions.  This  excess 
motion  leads  to  compression,  stretching  and  deformation  of  neural  elements 
and  nocioceptive  tissue.  Spinal  ligaments,  joint  capsules,  annular  fibers  and 
end  plates  contain  these  nocioceptors.  36  Stimulation  of  these  nocioceptors 
may  produce  pain  sensation.  Inflamed  neural  elements  similarly  produce 
pain. 
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Although  there  remains  no  one  clear  definition  of  spinal  instability, 
the  one  offered  by  White  and  Panjabi  is  probably  the  most  comprehensive. 
Clinical  instability  refers  to  the  "loss  of  the  ability  of  the  spine  under 
physiologic  loads  to  maintain  its  pattern  of  displacement  so  that  there  is  no 
initial  or  additional  neurological  deficit,  no  major  deformity,  and  no 
incapacitating  pain."  Physiologic  loads  are  loads  incurred  during  normal 
daily  activity.  Major  deformity  and  incapacitating  pain  refers  respectively  to 
gross  deformity  and  pain  that  the  patient  finds  intolerable. 

1.  2.  3.  Instability  measurements 

Many  researchers  have  proposed  different  mechanical  parameters  as 
indicators  of  spinal  instability.  Abnormalities  of  intervertebral  joint  motion 
including  hypermobility  as  well  as  reduced  mobility  have  each  been 
associated  with  instability  in  the  form  of  degenerative  change.  As  early  as 
1944,  Knuttson  observed  "retrodisplacement"  or  increases  anterior-posterior 
vertebral  displacement  on  lateral  radiographs  of  LBP  in  flexion  as  compared 
to  extension.  37  In  the  past  15  years  additional  research  has  supported 
Knuttson's  work.  38/  39/  40/  41  Some  LBP  patients  with  degenerative  changes 
have  also  exhibited  decreased  ROM.  41/42  Whereas  the  above  studies  all 
pertain  to  specific  directional  alterations  in  motion,  hyper-  and  hypomobility 
without  regard  to  the  direction  has  been  proposed  as  a  separate  instability 
hypothesis. 4"  Coupled  axial  rotations  and  torques  during  bending  motions, 
and  displacements  in  the  center  of  rotation,  have  also  been  identified  as 
potential  markers  for  spinal  instability. 35/  45,46 
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The  parameter  " neutral  zone  (NZ)"  as  described  by  Panjabi  and  others 
has  reproducibly  demonstrated  high  sensitivity  for  detecting  spinal  instability. 
102'110  In  short,  spinal  joints  have  been  shown  to  exhibit  high  flexibility  at  low 
loads  and  increased  stiffness  as  load  increases.  This  phenomenon  can  be 
graphically  represented  by  the  non-linear,  biphasic  pattern  on  a  load- 
deformation  curve  (SEE  FIGURE  l.A).  The  NZ  represents  one  of  these 
biphasic  components.  It  is  defined  as  "that  part  of  the  range  of  physiologic 
intervertebral  motion  around  the  neutral  posture  within  which  the  spinal 
motion  is  produced  with  minimal  internal  resistance.  It  is  a  zone  of  high 
flexibility  or  laxity". 111  The  NZ  has  been  found  to  increase  with  injury  and 
possibly  with  intervertebral  disc  degeneration.  It  decreases  with  increased 
muscle  forces  and  instrumented  spinal  fixation. 

As  discussed  earlier  radiographic  changes,  particularly  those  associated 
with  disc  degeneration,  have  no  practical  value  in  diagnosing  instability.  At 
best,  multiple  x-ray  images  offer  limited  accuracy  and  often  miss  valuable 
information  at  mid-motion  range  or  in  critical  planes. 
Stereoroentgenography  appears  to  offer  some  promise,  but  requires  invasive 
implantation  of  metallic  markers  to  attain  adequate  accuracy.  High  radiation 
dose  levels  are  also  a  drawback  of  these  techniques.  External  devices  attached 
to  the  spine  appear  to  be  of  use  in  gathering  information  about  instability. 
Kinematic  linkages  and  frames  containing  infrared  light  emitting  diodes  are 
extremely  promising,  because  they  give  three-dimensional  kinematic 
information  in  detail. 66 
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1.  3.  Vibrations  and  Low-Back  Pain 


1.  3.  1.  Epidemiological  Studies 

Many  studies  suggest  a  positive  relationship  between  both  low-back 
pain  and  exposure  to  whole  body  vibration. 48-69/96  Such  relationships  appear 
to  be  particularly  marked  in  drivers  of  tractors,  earth-moving  equipment, 
helicopters  and  trucks.  Wilder  has  written  an  excellent  review  of  the 
biomechanics  of  vibration  and  low  back  pain.  11111  He  states  that  in  addition  to 
vibration  as  a  mechanical  stressor,  sitting  has  four  extreme  consequences  for 
the  lumbar  intervertebral  disc.  Sitting  "...  increases  intradiscal  pressure,... 
increases  anteroposterior  shear  flexibility,  ...decreases  resistance  to  buckling 
instability...  and  ...stresses  the  posterior  region  of  the  intervertebral  disc." 
Several  studies  suggest  that  preventive  measures  reduce  the  risk  of  low  back 
pain  due  to  driving.  These  include  recommendations  to:  1)  minimize  the 
vibration  reaching  the  driver,  2)  avoid  lifting  or  bending  immediately 
following  driving,  and  3)  walk  around  for  a  few  minutes  following  driving. 

As  exposure  to  vibrations  increases  there  is  a  tendency  toward  a  greater 
incidence  of  low-back  complaints.  Review  of  the  literature  suggests  that  low 
back  symptoms  occur  at  an  earlier  age  among  those  exposed  to  vibrations. 
Many  investigations  support  the  finding  that  vibration  affects  the  spine  by 
exciting  a  4-6-Hz  resonance  frequency.  This  has  been  demonstrated  in-vivo  as 
well  as  in-vitro. 65  Vibration  and  fatigue  are  known  to  cause  sequential  firing 
of  muscle,  pronounced  osteoligamentous  creep,  and  increased  disk  pressure 
in  humans.  Animal  studies  employing  vibrations  have  revealed  changes  in 
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the  levels  of  dorsal  root  ganglia  neuropeptides.  65  In  short,  the  above 
experiments  leave  little  doubt  that  low-back  complaints  can  be  a  direct 
mechanical  consequence  of  exposure  to  vibration. 

1.  3.  2.  Vibrations  as  Tools  of  Investigation  in  Orthopaedics 

Many  investigators  have  employed  vibrations  as  a  tool  to  measure 
various  properties  of  skeletal  material. 95  Vibrations  have  been  used  to  assess 
the  rate  and  extent  of  long-bone  fracture  healing,  to  monitor  pathogenic 
disorders  such  as  osteoporosis,  and  to  evaluate  the  status  of  internal  fixations. 
With  regard  to  spine  research,  vibration  studies  essentially  fall  into  two 
categories:  1)  Whole  body  vibrations  have  been  used  to  monitor  the 
transmission  of  vibrations  along  the  spinal  column.  75'89'97'  2)  Localized 
vibrations  have  been  used  to  detect  painful  spinal  segments  in  LBP  patients. 74 

Wilder  et  al  developed  a  device  capable  of  replicating  industrial  whole 
body  vibration.  They  employed  it  on  healthy  human  volunteers  to 
determine  the  stiffness,  impedance,  and  resonant  characteristics  of  their 
spines.  They  found  three  peaks  of  enhanced  transmissibility  corresponding  to 
resonant  frequencies  of  the  spinal  system.  The  greatest  transmissibility  of 
vibratory  input  occurred  at  the  first  resonant  frequency,  approximately  5  Hz. 
A  progressive  stiffening  of  the  system  occurred  in  response  to  vibrational 
inputs  of  increasing  frequency.  Posture,  the  Valsalva  maneuver,  and  fatigue 
altered  the  normal  response  to  vibration.  In  summary,  they  concluded  that 
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structures  vibrated  at  the  first  resonant  frequency  have  increased  potential  for 
damage. 60 

Pope  et  al.  have  also  done  extensive  research  on  simulated  whole  body 
vibrations.  They  designed  and  used  an  impact  pendulum  to  examine  the 
dynamic  response  of  the  seated  human  spine  to  sinusoidal  vibration  and 
impact.  The  aim  of  the  experiment  was  to  better  clarify  the  relationship 
between  driving  and  low-back  pain.  Accelerometers  were  placed  on  the  seat 
and  in  vivo  at  the  L3  vertebra.  The  transmissibility  of  vibration  and  phase 
angle  were  obtained  in  the  frequency  domain  for  a  variety  of  cushions.  Soft 
cushions  were  found  to  increase  the  gain  at  the  first  natural  frequency.  62 
Additional  investigations  support  these  findings.  73  Panjabi  and  co-workers 
found  that  pure  vertical  sinusoidal  vibrations  of  lumbar  vertebrae  produce 
not  only  vertical  but,  horizontal  and  rotational  vibration  as  well. 70 

Seroussi  et  al.  have  experimented  with  trunk  muscle 
electromyography  and  whole  body  vibration.  By  measuring  the 
electromyographic  (EMG)  activity  of  the  paraspinal  muscles,  they  were  able  to 
estimate  the  average  and  peak-to-peak  torque  imposed  on  the  spine  during 
whole  body  vibration.  Six  subjects  had  surface  electrodes  placed  on  their 
erector  spinae  muscles  at  the  L3  level.  They  basically  found  that  all  subjects 
experienced  significantly  more  average  and  peak-to-peak  estimated  torque  at 
almost  all  frequencies  for  vibration  vs.  static  sitting. 71  In  a  different  type  of 
study  Klingenstierna  and  Pope  noted  body  height  changes  in  subjects 
experimentally  exposed  to  vibration.  The  change  in  body  height  before  and 
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after  vibration  and  quiet  sitting  respectively  suggests  that  exposure  to 
vibration  increases  the  overall  creep  response  in  most  subjects.  Although 
there  was  a  great  deal  of  variability  in  response  between  subjects,  most 
showed  recovery  to  the  average  creep  response  within  a  2-hour  time  interval. 

72 

Yrjama  and  Vanharanta  have  experimented  in  the  clinical  setting  with 
localized  application  of  vibrations.  Through  bony  vibration  stimulation  they 
developed  a  revolutionary  non-invasive  method  for  examining  intradiscal 
pain  using  vibrations.  They  evaluated  57  patients  with  LBP  immediately 
prior  to  discography  by  means  of  an  electrical  tool  which  produced  bony 
vibration  of  lumbar  spinous  processes.  The  patient's  pain  experience  during 
vibration  examination  highly  correlated  with  that  from  injections  during 
discography. 

In  summary  LBP  is  a  costly  and  prevalent  clinical  condition,  the 
etiology  of  which  remains  largely  unknown.  Spinal  instability  secondary  to 
intervertebral  disc  injury  has  been  hypothesized  as  an  important  cause  of 
LBP.  Recent  literature  suggests  that  long-term  exposure  to  vibrations 
probably  causes  spinal  instability  via  intervertebral  disc  injury.  The  aim  of 
this  experiment  was  to  examine  vibrations  as  a  mechanism  of  injury  to  the 
spine. 

2.  Statement  of  Purpose 
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The  purpose  of  this  experiment  was  to  develop  an  in-vitro  model  that 
would  allow  researchers  to  investigate  the  physiologic  response  of  human 
spine  to  vibrations.  We  hypothesize  that  by  exposing  cadeveric  spine  to 
prolonged  vibrations,  one  may  alter  spinal  stability  via  intervertebral  disc 
injury.  Theoretically  one  may  then  quantify  these  alterations  by  detecting 
different  intervertebral  vibratory  transmission  patterns  for  the  pre-  and  post¬ 
injury  states. 

3.  Materials  and  Methods 

3.  1.  Definitions: 

amplitude:  the  magnitude  of  oscillation.  Amplitude  is 


measured  in  meters  (m)  for  translation  and 


degrees  for  rotation. 


couple: 


a  pair  of  equal  and  opposite  parallel  forces  acting 


on  a  body  and  separated  by  a  distance. 


elastic  zone  (EZ): 


A  part  of  the  physiologic  intervertebral  ROM 


starting  from  the  beginning  of  some  internal 


resistance  offered  by  the  joint  to  the  end  of  the 


ROM.  The  unit  of  measure  is  meter  (m)  for 


translation  and  degrees  for  rotation.  EZ  is  the  zone 


of  high  stiffness. 


frequency: 


the  number  of  oscillations  per  second.  Frequency 


is  measure  in  Hertz  (Hz) 
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functional  spinal  unit: 


functional  spinal  unit: 

a  unit  of  the  spine  representing  the  inherent 

biomechanical  characteristics  of  the  ligamentous 

spine  at  one  spinal  level.  It  consists  of  two 

adjacent  vertebrae  and  the  interconnecting  soft 

tissue  devoid  of  musculature. 

moment  of  a  couple: 

The  quantity  equal  to  the  product  of  one  of  the 

forces  and  the  perpendicular  distance  between 

them.  The  unit  of  measure  is  a  {Newton-meter} 

neutral  position: 

the  posture  of  the  spine  in  which  the  overall 

internal  stresses  in  the  spinal  column  and  the 

muscular  effort  to  hold  the  posture  are  minimal. 

neutral  zone  (NZ): 

a  part  of  the  ROM  of  a  vertebra  starting  from  the 

neutral  position  up  to  the  beginning  of  some 

resistance  offered  by  the  joint.  The  unit  of  measure 

is  meter  (m)  for  translation  and  degrees  for 

rotation.  NZ  is  the  zone  of  high  flexibility  or 

laxity. 

period: 

the  repetition  time  for  an  oscillation  measured  in 

seconds  (s) 

phase  angle: 

the  point  in  time  at  which  vibration  starts.  Phase 

angles  are  used  to  determine  time  lag  between  two 

different  oscillatory  motions. 

range  of  motion  (ROM): 

The  entire  range  of  physiologic  intervertebral 
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motion  ,  measured  from  the  neutral  position.  It  is 
divided  into  two  zones  -  NZ  and  EZ. 


resonance  frequency: 

when  the  frequency  of  excitation  for  a  vibration 

coincides  with  one  of  the  natural  frequencies  of 

the  system  dangerously  large  oscillations  may 

occur.  This  condition  is  known  as  resonance. 

Failure  of  major  structures  such  as  bridges, 

buildings  or  airplane  wings  is  possible  under 

resonance.  Thus  calculation  of  the  natural 

frequencies  is  of  major  importance  in  the  study  of 

vibrations. 

transmissibility: 

a  measure  of  the  transfer  of  vibration  from  one 

FSU  to  an  adjacent  FSU. 

viscoelastic  creep: 

the  phenomenon  by  which  a  viscoelastic  material 

deforms  with  time  when  it  is  subjected  to  a 

constant  load. 

viscoelasticity: 

the  time  dependent  property  of  a  material  to  show 

a  sensitivity  to  rate  of  loading  or  deformation. 

3.  2.  Vibration  Apparatus 

The  project  called  for  a  vibration  producing  apparatus  that  was  capable 
of:  1)  providing  a  smooth  and  consistent  sinusoidal  input  2)  allowing 
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adjustable  input  frequencies  (  0-30  Hz  based  on  the  vibration  literature 
reviewed  above)  3)  allowing  adjustable  amplitudes  of  vibration. 

3.  2.  1.  Set-up  #1 

Several  mechanical  apparati  capable  of  transmitting  vibrations  to  a 
model  wooden  and  rubber  spine  were  developed  and  constructed.  The  first 
apparatus  consisted  of  a  spring  loaded  pneumatic  piston  and  cylinder,  a 
solenoid  valve,  and  an  oscilloscope.  With  the  assistance  of  an  engineer  in  the 
lab,  a  circuit  board  was  designed  and  constructed.  The  oscilloscope  was  then 
wired  to  the  solenoid  cell  via  the  circuit  board.  Air  was  then  channeled  by 
rubber  tubing  from  the  house  air  supply,  through  the  solenoid  valve  and  on 
to  the  cylinder.  A  plastic  stopper  was  placed  on  the  tip  of  the  exposed  piston 
head.  After  securely  mounting  all  equipment  in  the  testing  jig,  the  bottom 
vertebra  of  the  three  vertebra  wooden  testing  specimen  was  also  mounted.  It 
was  positioned  so  that  the  top  vertebra  made  contact  with  the  tip  of  the 
piston.  A  sinusoidal  signal  of  varying  voltage  was  then  fed  into  the  solenoid 
cell.  As  the  voltage  decreased  below  a  critical  value  the  solenoid  valve 
opened  allowing  air  from  the  house  supply  fill  the  cylinder.  As  the  cylinder 
filled,  the  piston  was  expelled  from  the  chamber  forcing  the  wooden 
specimen  to  flex.  This  process  was  reversed  during  the  latter  half  of  the 
voltage-signal  cycle.  As  the  voltage  increased  the  solenoid  valve  closed,  air 
escaped  from  the  cylinder  and  the  spring  loaded  piston  and  specimen 
returned  to  their  initial  position. 
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This  set-up  adequately  allowed  the  operator  to  control  the  frequency  of 
vibrational  input.  By  increasing  the  frequency  of  the  signal  one  could 
increase  the  frequency  of  vibration.  Unfortunately,  the  design  of  cylinder  and 
piston  did  not  allow  for  any  adjustments  in  vibration  amplitude.  In  addition, 
vibrations  of  consistently  stable  amplitudes  were  difficult  to  achieve  due  to 
fluctuations  in  the  house  air  pressure. 

3.  2.  2.  Set-up  #2 

Set-up  #2  addressed  the  problems  of  Set-up  #1  by  employing  two 
solenoid  valves  and  a  two-way  pneumatic  cylinder.  With  a  two-way  cylinder 
air  could  be  used  to  actively  extend  as  well  retract  the  piston.  This  allowed  for 
smoother  extension  and  retraction  during  each  cycle.  Air  pressure  gauges 
were  added  to  the  set-up  and  pressure  was  optimized  for  amplitude 
consistency  (30-40  psi).  Adjustments  in  oscilloscope  parameters  (e.g.  voltage, 
wave  form)  were  also  attempted.  Unfortunately  the  above  changes 
minimally  improved  existing  performance.  In  short,  set-up  #2  better 
supplied  vibrations  of  variable  frequency  and  consistent  amplitude  but  was 
incapable  of  providing  smooth  sinusoidal  motion  at  adjustable  amplitudes. 

3.  2.  3.  Set-up  #3 

Set-up  #3  employed  a  completely  different  design.  It  consisted  of  an 
electric  motor,  a  motor  wheel,  a  crankshaft  and  piston  attachment  (SEE 
FIGURE  2).  The  motor  wheel  was  attached  to  the  electric  motor  and  the 
crankshaft  attached  on  one  end  to  the  wheel  and  on  the  other  to  a  piston. 
The  piston  was  positioned  in  a  linear  bearing  to  limit  motion  to  translation 
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along  a  single  axis.  The  exposed  tip  of  the  piston  was  covered  with  a  plastic 
stopper  and  positioned  adjacent  to  the  top  vertebra  of  the  mounted  wooden 
specimen.  A  speed  controller  purchased  with  the  electric  motor  was 
constructed  and  rigged  to  the  motor. 

The  speed  controller  facilitated  adjustable  frequencies  via  a 
potentiometer  wired  to  the  motor's  power  supply.  By  turning  the 
potentiometer  one  increased  input  voltage  to  the  motor.  The  increased 
voltage  corresponded  to  an  increase  in  motor  revolutions  per  minute 
(RPM's).  A  voltmeter  displaying  the  actual  voltage  reaching  the  electric 
motor  facilitated  an  accurate  gauge  of  motor  speed.  A  conversion  chart 
displaying  voltages  and  their  corresponding  frequency  equivalents  was  placed 
on  the  controller  as  a  reference  guide. 

Compared  to  previous  set-ups,  this  motorized  system  supplied  more 
consistent,  stable  and  reproducible  amplitudes  of  vibration.  The  motor-wheel 
was  fitted  with  screw  holes  at  multiple  positions  of  differing  radial  length. 
These  screw-holes  served  as  attachment  positions  for  the  crankshaft  and  a 
simple  way  of  adjusting  input  amplitude  of  vibration.  By  attaching  the 
crankshaft  at  a  position  of  greater  radius,  amplitudes  of  vibration  could  be 
increased  at  distinct  intervals. 

This  new  motorized  system  was  modified  after  some  preliminary 
testing.  The  absence  of  a  rigid  attachment  between  the  specimen  and  the 
vibration  producing  apparatus  permitted  bouncing  of  the  wooden  vertebral 
body  on  the  piston  tip.  This  was  not  optimal.  The  bouncing  motion 
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complicated  the  machine's  ability  to  provide  a  smooth  and  steady  sinusoidal 
input.  To  remedy  this  situation,  a  rigid  attachment  of  the  crankshaft  to  the 
specimen  was  designed.  A  steel  rod  was  placed  thorough  the  center  of  the 
vertebral  body,  perpendicular  to  the  sagittal  plane  of  the  specimen  (i.e.  along 
the  anatomic  x-axis  or  flexion-extension  axis  SEE  FIGURE  IB).  This  rod  was 
then  rigidly  fitted  on  both  ends  into  to  ball  bearings  which  were  mounted  in  a 
"U-shaped"  crank  shaft  (SEE  FIGURE  3).  The  extended  length  (14  inches)  of 
the  crankshaft  minimized  the  vertical  component  of  the  circular  motion  at 
the  proximal  end  and  allowed  for  near  linear  translatory  motion  at  the  distal 
end.  A  balancing  weight  mounted  on  the  motor-wheel  balanced  the 
centrifugal  forces  created  by  the  offset  crankshaft. 

This  modified  motorized  apparatus  successfully  fulfilled  all  of  the 
preliminary  criteria  mentioned  above.  It  was  capable  of  providing  consistent, 
smooth,  cyclical  motion  at  adjustable  amplitudes  (from  3-12  mm  @  3  m  m 
intervals)  and  frequencies  (from  0-30  Hz  @  1  Hz  intervals)  of  vibration. 

3.  3.  Preparation  of  Specimens 

One  fresh-frozen,  three-vertebra  segment  (L2-L3-L4)  of  human 
cadaveric  lumbar  spine  was  used  for  testing.  It  was  dissected  of  all  non- 
ligamentous  soft  tissue,  leaving  only  the  bony  vertebral  bodies,  intervertebral 
discs  and  attached  spinal  ligaments.  The  superior  and  inferior  vertebrae  were 
mounted  in  epoxy  casts  such  that  the  centroids  of  the  top  and  bottom 
vertebrae  were  vertically  aligned. 

3.  4.  Study  Protocol  (SEE  FIGURE  4) 
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The  protocol  was  organized  in  7  STEPS.  STEP  1,  a  flexibility  test  (SEE 
FLEXIBILITY  TEST  SECTION  BELOW),  was  designed  to  assess  the  initial 
flexibility /stiffness  of  the  specimen.  STEP  2  is  a  vibration  test  intended  for  the 
same  purpose.  In  order  to  confirm  that  the  vibration  apparatus  did  not  injure 
the  specimen  in  STEP  2,  another  flexibility  test  was  performed  in  STEP  3. 
Ideally,  the  third  step  will  reproduce  the  results  of  the  first.  STEP  4  involved 
another  vibration  test  in  order  to  establish  reproducibility  for  vibration 
testing. 

The  specimen  was  then  intentionally  injured  on  STEP  5.  As  stated 
earlier,  prolonged  vibration  exposure  presumably  causes  instability  via  injury 
to  the  intervertebral  disc.  Hence  STEP  5  involved  inducing  injury  via 
vibrations.  This  involved  a  15  minute  interval  of  high  amplitude  vibration. 
The  crankshaft  attachment  was  placed  at  twice  the  amplitude  used  for 
vibration  testing  and  the  frequency  of  vibration  is  set  for  the  predetermined 
natural  frequency  of  the  system  .  A  single  flexibility  test  followed  by  a 
vibration  test  constituted  STEP  6  and  7  respectively.  STEP  6  was  designed  to 
confirm  injury  by  revealing  flexibility  patterns  typical  of  the  injured  state. 
STEP  7,  a  post-injury  vibration  test,  is  then  used  to  compare  the  pre-injury 
motion  characteristics  with  post-injury  motion.. 

3.  5.  Flexibility  Tests 

When  a  physiologic  load  is  applied  to  a  spinal  specimen  repeatedly  in  a 
particular  direction  the  specimen  exhibits  a  residual  displacement  from  its 
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initial  position.  Panjabi  and  co-workers  have  used  this  phenomenon  to 
standardize  a  procedure  for  the  quantification  of  this  laxity  (i.e.  NZ)  in 
injured  cadaveric  spine  specimens. 105,  107'109.  The  standardized  procedure  is 
called  a  flexibility  test.  In  this  experiment  the  flexibility  test  is  used  as  an 
objective  tool  for  assessing  instability  and  a  benchmark  to  which  vibration 
testing  may  be  compared. 

Flexibility  testing  entailed  applying  incrementally-increasing 
physiologic  moments  to  the  specimen.  For  each  moment  two 
preconditioning  cycles  were  applied  followed  by  a  third  cycle  at  which  time 
load-displacement  values  were  recorded.  These  cycles  were  repeated  for  a 
total  of  three  load  steps,  the  last  of  which  corresponded  to  an  estimated 
maximum  physiologic  load.  Loading  is  achieved  by  applying  a  couple  around 
each  of  three  anatomic  axes.  Each  axis  is  loaded  in  two  directions  (i.e. 
clockwise  and  counter-clockwise).  Testing  allows  for  viscoelastic  creep  by 
delaying  the  start  of  each  new  cycle.  The  delay  period  begins  upon  removal  of 
the  load  from  the  previous  cycle. 

A  load-displacement  curve  is  then  generated  for  each  rotational  degree 
of  freedom.  The  NZ  for  each  anatomic  axis  is  calculated  by  summing  the 
clockwise  and  counter-clockwise  residual  displacements  present  just  before 
the  beginning  of  the  third  load  cycle.  The  EZ  is  the  sum  of  the  clockwise  and 
counter-clockwise  deformation  measured  from  the  end  of  the  neutral  zone  to 
the  physiologic  limit.  The  ROM  is  calculated  as  the  sum  of  the  EZ  and  NZ. 

3.  6.  Vibration  Tests 
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Vibration  tests  consisted  of  recording  the  motion  of  the  specimen  over 
a  range  of  input  frequencies.  The  specimen  was  placed  in  the  vibration 
apparatus  and  vibrated  at  a  frequency  of  2  Hz.  After  collecting  a  motion  data¬ 
file,  the  input  frequency  was  increased  by  2-3  Hz  and  another  collection  file 
was  obtained.  This  process  was  repeated  until  an  input  frequency  of  30-32  Hz. 
After  collecting  data  at  30-32  Hz  a  2  lb.  weight  was  attached  to  the  top  cast  of 
the  specimen  and  the  collection  process  was  repeated  for  the  same  range  of 
input  frequencies.  This  procedure  was  repeated  for  both  a  4  lb.  as  well  as  a  6 
lb.  cycle.  Data  collection  typically  lasted  0.5  seconds  in  duration  but 
sometimes  lasted  up  to  2  seconds  at  low  input  frequency.  The  vibrational 
input  was  applied  to  the  middle  vertebra  via  the  rigid  attachment  described 
earlier  (SEE  FIGURE  3). 

3.  7.  Data  Collection  and  Analysis 

After  mounting  in  epoxy  casting  as  described  earlier,  the  specimen  was 
x-rayed  and  digitized.  Plastic  flags  were  constructed  and  secured  to  the  top 
and  middle  vertebral  bodies.  Three  infra-red  light  emitting  diodes  (IREDs) 
were  mounted  on  each  flag.  During  flexibility  and  vibration  testing  the  three 
dimensional  coordinates  of  each  IRED  was  tracked  by  the  Optotrak  Motion 
Analysis  System  (Northern  Digital.  Waterloo,  Ontario,  Canada),  a 
microcomputer-assisted  camera  and  digital  data  acquisition  unit.  Optotrak 
also  simultaneously  recorded  instantaneous  acceleration  of  the  top  and 
middle  vertebra  via  accelerometers  mounted  on  each  vertebral  body 
respectively.  The  computer  was  capable  of  recording  IRED  readings  at  an 
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average  rate  of  300  frames/s  and  accelerometer  readings  of  over  1000 
frames/ s. 

With  standard  software,  the  microcomputer  re-constructed  a  digitized 
image  of  each  vertebral  body.  Using  this  image  and  the  coordinate  positions 
collected  from  the  IREDs  it  then  performed  a  series  of  calculations  to 
determine  the  three  dimensional  displacement  values  for  each  of  the  top  two 
vertebral  bodies  in  relation  to  the  camera.  Laboratory  developed  software  was 
then  used  to  convert  all  displacement  information  from  the  camera's  frame 
of  reference  to  the  anatomic  frame  of  reference. 

Load-displacement  curves  were  generated  and  NZ,  EZ  and  ROM  were 
calculated  for  each  flexibility  test.  Additional  software  was  written  to 
systematically  process  the  real-time,  three-dimensional  displacement  data 
obtained  from  vibration  testing.  The  programs  employed  included  Microsoft 
Excel  macros  and  the  Macintosh  programming  language  MATLAB. 
Vibration  test  data  processing  involved  extrapolating  sporadically  missing 
data  points,  plotting  motion  graphs,  and  calculating  input/output 
amplitudes,  frequencies  and  phase  shifts.  Displacement  data  for  the  top 
vertebra(L2)  and  the  middle  vertebra  (L3)  in  each  of  six  degrees  of  freedom 
was  available  for  analysis  from  each  vibration  test. 

4.  Results 

4.  1.  Flexibility  Test  Results: 
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The  results  of  the  flexibility  tests  conducted  in  STEPS  1  and  3  are  shown 
in  FIGURE  5.  A  bar  graph  for  the  NZ,  ROM  and  EZ  of  the  L2-L3  segment  for 
each  STEP  is  shown.  The  NZ,  ROM  and  EZ  for  STEP  1  are  typical  for  an 
intact,  stable  spine  specimen.  These  same  parameters  for  STEP  3  are  not.  The 
increase  in  NZ  and  ROM  suggest  that  the  specimen  as  tested  in  STEP  3  is 
more  flexible  than  in  STEP  1.  In  other  words,  these  results  suggest  that 
vibration  testing  during  STEP  2  had  injured  the  specimen. 

4.  2.  Vibration  Test  Results 

FIGURE  6  exhibits  the  data  collected  during  a  0.5  second  interval  of 
vibration  for  an  input  frequency  of  approximately  5  Hz.  On  the  x-axis  is  time 
and  on  the  y-axis  is  angular  displacement.  The  diamonds  and  boxes  represent 
angular  displacement  in  flexion  and  extension  for  the  L2-L3  and  the  L3-L4 
segments  of  the  specimen  respectively.  Flexion  is  represented  by  positive 
displacement  and  extension  by  negative  displacement.  Recall  that  the  normal 
physiologic  ROM  for  the  L2-L3  segment  of  the  intact  specimen  is  less  than  11 
degrees  in  flexion/ extension  (see  results  of  STEP  1  in  FIGURE  5).  The  careful 
observer  will  note  that  the  amplitude  of  vibration  for  the  L2-L3  segment  in 
FIGURE  6  is  approximately  double  this.  One  may  deduce  that  the  oscillations 
produced  by  this  vibrational  input  are  producing  injury  because  they  exceed 
normal  physiologic  ROM. 
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During  STEP  5  of  the  protocol,  the  intentional  injury  STEP,  the  middle 
vertebra  of  the  specimen  suffered  a  vertebral  fracture.  The  experiment  was 
ended  at  this  point. 

5.  Discussion 

5.  1.  Experimental  design 

There  are  two  general  categories  of  vibrations:  free  and  forced.  Free 
vibrations  take  place  when  a  system  oscillates  under  the  action  of  forces 
inherent  in  the  system  itself  and  when  there  are  no  externally  applied  forces. 
Forced  vibrations  occur  when  externally  applied  forces  stimulate  oscillation. 
The  type  of  vibration  exposure  to  which  epidemiologists  have  associated  of 
LBP  is  forced  vibration.  Therefore,  to  simulate  in-vivo  conditions,  a  forced 
vibration  model  is  most  adequate.  The  model  as  designed  in  this  experiment 
produces  forced  vibrations. 

When  the  excitation  of  a  system  by  external  forces  is  oscillatory,  the 
system  is  forced  to  vibrate  at  the  excitation  frequency.  If  the  frequency  of 
excitation  coincides  with  one  of  the  natural  frequencies  of  the  system, 
resonance  occurs  leading  to  dangerously  large  oscillations.  As  discussed 
earlier,  LBP  is  highly  correlated  with  resonance  (i.e.  vibration  exposure  at  4-5 
Hz,  one  of  the  natural  spinal  frequencies).  Therefore  resonance  is  an 
important  part  of  further  investigations  with  this  model. 

Whole-body  vibrations  supply  oscillatory  loading  primarily  along  the 
longitudinal  or  y-axis  of  the  spine.  Simulating  input  along  this  axis  would 
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have  been  ideal  for  mimicking  the  in-vivo  situation  but  in  an  in-vitro  model 
of  this  type  would  have  been  complicated  and  more  expensive  to  set-up.  The 
goal  of  this  experiment  was  to  develop  the  simple  basic  science  of  vibration 
induced  spinal  injury.  With  this  goal  in  mind,  simplicity  in  design  took 
precedence  over  emulation  of  the  in-vivo  condition 

The  most  likely  reason  for  vertebral  fracture  during  STEP  5  is 
iatrogenic  injury  to  the  vertebral  body  prior  to  testing.  As  mentioned  above 
accelerometers  were  mounted  to  the  L2  and  L3  vertebral  bodies.  Their 
purpose  was  to  collect  data  on  acceleration  for  use  in  kinetic  analysis  of 
motion.  Unfortunately,  these  linearly  designed  accelerometers  provided  poor 
data  due  to  rotational  motion  of  the  vertebral  bodies.  Stable  fixation  to  the 
vertebrae  were  also  a  chronic  problem.  They  were  removed  after  STEP  2  of 
the  study.  Upon  close  observation,  the  fracture  line  on  the  middle  vertebral 
body  passed  through  the  screw  fixation  holes.  Screw  fixation  of  the 
accelerometers  to  the  vertebral  bodies  most  likely  caused  an  L3  hairline 
fracture  which  completely  fractured  during  the  stress  of  STEP  5.  Fracture  can 
probably  be  avoided  in  future  studies  by  avoiding  screw  fixation. 

It  is  also  possible  that  the  motor-wheel  amplitude  setting  of  STEP  5  was 
too  large.  The  motor-wheel  amplitude  was  set  for  3  mm  during  vibration 
testing  but  increased  to  6  mm  for  the  STEP  5.  In  retrospect,  after  observing  the 
large  output  amplitudes  at  certain  frequencies  (i.e.  FIGURE  6)  on  the  3mm 
setting,  there  was  probably  no  need  to  increase  the  motor-wheel  amplitude. 


37 


Vibrations  producing  ROM  beyond  normal  physiologic  limits  can  be  readily 
produced  at  carefully  selected  input  frequencies  on  the  3  mm  setting. 

Improvement  could  be  made  to  the  model.  Ideally,  one  would  want  to 
collect  data  at  discrete  pre-determined  input  frequencies.  Discrete  testing 
frequencies  facilitate  better  comparisons  of  vibration  response  for  different 
loading  conditions  and/or  injury  states.  As  it  is  set-up  now,  the  speed 
controller  allows  the  operator  to  sample  an  adequate  range  of  frequencies  but 
dialing-up  a  specific  preset  frequency  is  cumbersome.  The  specimen  is 
sometimes  left  vibrating  for  several  minutes  between  collection  intervals 
while  input  frequency  is  being  adjusted.  This  prolonged  exposure  to 
vibration  likely  causes  additional  injury  during  vibration  testing  as  evidenced 
by  the  changes  on  flexibility  testing  as  well  as  the  softening  of  bone 
surrounding  the  steel  rod  attachment.  Perhaps  a  switchboard  designed  to  feed 
discrete  preset  voltage  inputs  into  the  speed  controller  would  be  an  adequate 
in  correcting  this  problem.  Another  approach  may  be  to  span  the  entire  range 
of  frequencies  over  several  seconds  and  collect  only  one  data-file  for  this 
entire  range. 

5.  2.  Vibration  testing 

The  current  protocol  was  based  on  the  assumption  that  "vibration 
tests"  would  not  excite  ROM's  greater  than  the  physiologic  thresholds.  This 
was  a  false  assumption.  Upon  inspection  of  the  data,  initial  injury  to  the 
specimen  most  likely  occurred  during  STEP  2.  FIGURE  6  portrays  one 
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example  of  several  STEP  2  tests  that  exhibit  amplitudes  above  the  normal 
physiologic  threshold.  Therefore  information  on  vibration  characteristics 
prior  to  injury  probably  doesn't  exist.  At  best,  one  may  use  the  collected 
vibration  test  data  to  examine  the  trend  in  motion  characteristics  as  a 
function  of  repetitive  injury. 

Vibrations  are  described  by  characterizing  amplitude,  frequency  and 
phase  angle.  For  this  experiment  gross  measurements  of  these  parameters 
from  a  cursory  inspection  of  motion  plots  like  FIGURE  6  will  not  suffice. 
This  is  evident  from  examining  several  plots  where  it  is  obvious  that 
multiple  frequency  components  are  contributing  to  the  observed  motion.  In 
order  to  more  completely  investigate  multiple  frequency  components  one 
must  perform  Fourier  Analysis  on  these  wave  patterns.  Fourier  Analysis 
provides  a  profile  of  each  input  frequency  detailing  the  number  of  individual 
frequency  components  that  make  up  the  observed  oscillatory  pattern.  The 
profile  includes  the  frequency  component  and  its  corresponding  amplitudes 
and  phase  angles. 

If  vibrations  do  cause  intervertebral  disc  injury  then  one  can  assume 
that  the  specimen  will  be  permanently  altered.  This  alteration  should  be 
apparent  by  changes  in  the  natural  frequency  of  the  specimen.  It  would  have 
been  beneficial  at  the  start  of  this  experiment  to  examine  free  vibration  of  the 
specimen  to  determine  its  baseline  natural  frequency.  Nonetheless,  the  next 
step  in  this  experiment  would  be  to  test  a  number  of  specimens  and  establish 
a  statistically  significant  change  in  oscillatory  pattern  with  increasing  injury. 
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The  results  of  this  study  support  the  finding  that  a  natural  frequency  of 
the  spine  exists  at  about  4-6  Hz  (FIGURE  6).  A  potentially  rewarding 
investigation  could  involve  substantiating  a  shift  in  this  frequency  after 
injury.  Perhaps  the  amplitude  of  vibration  at  the  resonance  frequency  also 
changes.  It  seems  logical  that  if  injury  produces  a  decrease  in  elasticity,  then 
the  vibratory  transmission  would  decrease  as  a  function  of  injury.  Again, 
only  studies  of  greater  number  of  specimens  can  substantiate  such 
hypotheses.  Nevertheless,  a  software  analysis  package  using  Fast  Fourier 
Transformation  to  analyze  vibration  patterns  has  been  developed  as  a  part  of 
this  experiment  using  the  programming  language  MATLAB.  These  analysis 
tools  would  certainly  be  of  benefit  in  further  investigations.  A  summary  of 
preliminary  FFT  analysis  on  the  one  specimen  tested  is  contained  in  the 
Appendix. 

In  conclusion,  this  study  examined  a  technique  for  investigating 
vibration  induced  spinal  injury.  A  model  was  developed,  one  specimen  was 
tested  and  tools  for  data  processing  and  analysis  were  developed.  This 
preliminary  study  provides  direction  for  further  investigation  of  the 
vibration-induced  instability  hypothesis.  It  also  provides  some  tools  and 
ideas  on  how  vibrations  may  alter  flexibility,  transmissibility  and  natural 
frequencies  of  the  spine.  These  alterations  probably  correspond  to  changes  in 
spinal  stability.  Perhaps  by  testing  a  greater  number  specimens  one  may  be 
able  to  quantify  statistically  significant  changes  in  flexibility,  transmissibility 
and  natural  frequency  due  to  vibration  exposure. 
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6.  Appendix 

Fast  Fourier  Transformation  Analysis  (TFT) 

A  preliminary  analysis  of  vibration  amplitudes  was  performed.  For 
each  vibration  test  recording  a  motion  plot  was  created  as  in  FIGURE  6.  An 
FFT  was  performed  on  each  motion  plot.  Maximum  amplitudes  of  vibration 
for  each  functional  spinal  unit  (FSU)  at  a  given  input  frequency  and  loading 
condition  were  calculated.  FIGURE  7  shows  how  amplitude  of  vibration 
changes  as  a  function  of  input  frequency.  In  this  graph  L2L3-A  and  L3L4-A 
are  the  amplitudes  of  the  L2-L3  and  the  L3-L4  FSU's  respectively.  A-diff 
represents  the  difference  between  L2L3-A  and  L3L4-A  and  A-ratio  represents 
the  ratio  of  L2L3-A  to  L3L4-A.  In  this  figure  one  may  observe  that  when 
comparing  A-diff  to  A-ratio,  A-diff  is  a  more  sensitive  indicator  of  vibratory 
transmission  between  FSU's.  Flence,  for  the  purposes  of  the  this  paper, 
transmissibility  will  be  defined  as  A-diff. 

FIGURE  8  shows  transmissibility  as  a  function  of  weight  fixed  to  the 
top  of  the  specimen.  Input  frequency  is  drawn  on  the  x-axis  and 
transmissibility  is  drawn  on  the  y-axis.  Each  line  represents  a  different 
loading  condition.  Note  that  as  more  weight  is  added  to  the  specimen,  the 
input  frequency  that  produces  maximum  transmissibility  decreases  in  value. 
In  other  words,  by  adding  weight  to  the  specimen  we  alter  the  natural 
frequency  of  the  system.  This  alteration  is  revealed  as  a  decrease  in  the 
frequency  of  maximum  transmissibility  (i.e.  the  resonance  frequency). 
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The  addition  of  weight  has  a  paradoxical  effect  on  absolute 
transmissibility.  Note  in  FIGURE  8  that  absolute  transmissibility  at  the 
resonance  frequency  decreases  to  from  14  degrees  to  10  degrees  after  adding 
the  2  lb  weight  to  the  0  lb  system.  At  4  lbs  the  absolute  transmissibility 
increases  from  10  to  almost  13  degrees  and  at  6  lbs  it  reaches  its  original  value 
of  14  degrees.  In  other  words,  the  trend  is  for  absolute  transmissibility  to 
increase  as  weight  is  added  to  the  system  except  when  going  from  0  lbs  to  2  lbs. 

From  the  FFT,  an  amplitude  profile  for  each  data  collection  interval 
was  generated  (SEE  FIGURE  9).  The  amplitude  profile  is  basically  a  snapshot 
of  all  the  individual  frequency  components  in  an  observed  vibration  and 
their  corresponding  amplitudes.  FIGURE  9a  is  a  reproduction  of  the  motion 
plot  in  FIGURE  6.  FIGURE  9b  shows  the  amplitude  profile  for  this  motion 
plot.  In  FIGURE  9b,  frequency  of  vibration  is  plotted  on  the  x-axis  is  and 
amplitude  of  vibration  on  the  y-axis.  We  already  know  that  the  input 
frequency  for  this  test  is  approximately  5  Hz.  Note  that  there  is  an  amplitude 
spike  at  approximately  5  Hz  in  the  amplitude  profile  for  both  the  L2-L3 
(output)  and  L3-L4  (input)  segments.  This  confirms  that  the  5  Hz  oscillation 
dialed-up  on  the  vibration  apparatus  was  actually  producing  a  5  Hz  input.  It 
also  reveals  that  the  specimen  responded  to  this  input  with  primarily  a  5  Hz 
output.  Smaller  spikes  at  frequencies  both  before  and  after  the  larger  5  Hz 
spike  reveal  other  frequency  components  contributing  to  the  motion  seen  in 
FIGURE  6.  These  other  components  are  less  significant  as  evidenced  by  their 
smaller  amplitudes. 
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In  short,  the  amplitude  profile  gives  the  experimenter  more  than  just 
information  on  amplitude.  It  indicates  the  frequency  at  which  vibration  of  a 
specific  amplitude  is  occurring.  In  order  to  obtain  the  most  accurate  data, 
spikes  on  the  amplitude  profile  occurring  below  2  Hz  were  routinely 
disregarded.  This  policy  was  based  on  the  average  collection  time  of  0.5 
seconds.  In  order  to  accurately  perform  an  FFT  on  motion  plot,  a  minimum 
of  one  period  of  oscillation  must  take  place  during  the  collection  interval. 
For  a  collection  interval  of  0.5  seconds,  an  oscillation  of  2  Hz  is  the  minimum 
frequency  component  that  fulfills  this  criteria.  (Note:  When  testing  input 
frequencies  around  2  Hz,  the  collection  interval  was  lengthened  to  allow  for 
more  accurate  calculation  of  lower  frequency  components.) 

The  importance  of  identifying  individual  frequency  components  is  that 
under  certain  circumstances,  the  input  and  output  frequencies  of  vibration 
are  not  the  same.  In  other  words,  it  is  possible  for  an  input  of  a  given 
frequency  to  stimulate  and  output  of  different  frequency.  When  this  occurs, 
the  output  frequency  (i.e.  the  frequency  at  which  L2-L3  vibrates)  is  typically 
one  of  the  natural  frequencies  of  the  specimen.  Since  the  L2-L3  FSU  is  a  free 
vibrating  system  it  is  not  a  surprise  that  it  often  vibrates  at  its  natural 
frequency.  The  above  phenomenon  allows  the  experimenter  to  monitor 
changes  in  the  natural  frequency  of  the  specimen  as  a  function  of  injury. 

Intuitively,  one  would  expect  the  resonance  frequency  of  a  specimen  to 
decrease  with  repetitive  injury.  For  this  experiment,  the  trend  for  alteration 
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in  the  resonance  frequency  as  a  function  of  injury  is  revealed  in  the  table 
below: 


TABLE  1:  Alteration  in  the  resonance  frequency  as  a  function  of  injury 


LOAD  (lbs) 

resonance 

frequency 

STEP  2 

resonance 

frequency 

STEP  4 

difference 

0 

17.27 

11.72 

-5.55 

2 

5.86 

6.45 

0.59 

4 

5.86 

4.69 

0.59 

6 

3.81 

4.69 

0.88 

In  short,  these  results  are  equivocal.  The  trend  appears  to  be  a  paradoxical 
increase  in  the  natural  frequency  with  injury.  This  may  be  explained  by  the 
low  density  of  data  collection  around  the  true  natural  frequency.  Since  our 
data  collection  was  not  performed  at  discrete  intervals  and  since  more  dense 
data  collection  around  the  natural  frequency  was  not  performed  it  is  difficult 
to  determine  if  the  above  table  represents  a  true  trend. 

A  more  compelling  trend  is  evident  upon  examination  of  activity  away 
from  the  resonance  frequency.  As  mentioned  earlier,  some  input  frequencies 
stimulate  different  output  frequencies.  This  phenomenon  is  particularly 
evident  in  data  collected  for  the  6  lb  condition.  TABLE  2  in  the  back  of  this 
paper  is  a  master  list  of  all  test  parameters  and  results.  When  examining  the 
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collection  of  output  frequencies  (L2L3-freq)  for  STEP  2  @  6  lbs  one  notices  that 
multiple  input  frequencies  stimulate  a  7.03  Hz  output  frequency. 
Interestingly,  the  same  data  examined  for  STEP  4  @  6  lbs  reveals  an  common 
output  frequency  of  3.52  Hz.  Perhaps  this  observation  is  evidence  of  a  trend 
towards  a  decrease  in  the  natural  frequency  of  the  specimen  resulting  from 
injury.  A  similar  observation  can  be  made  in  the  4  lb  data. 

The  effect  of  repetitive  injury  on  transmissibility  is  not  straight 
forward.  In  general,  our  results  showed  that  maximum  transmissibility  was 
decreased  after  injury.  This  is  evident  in  the  example  shown  in  FIGURE  10. 
FIGURE  10  represents  transmissibility  graphs  for  STEPS  2  and  4  during  the  4 
lb  loaded  condition.  The  decrease  in  amplitude  transmission  at  the  resonance 
frequency  (5  Hz)  during  STEP  4  is  typical  of  all  graphs  for  this  specimen  except 
that  at  2  lbs.  The  discrepancy  at  2  lbs  may  easily  be  explained  by  a  lack  of  data 
collection  around  the  resonance  frequency. 

In  summary,  a  preliminary  FFT  analysis  of  vibration  amplitudes  for 
the  one  specimen  tested  in  this  experiment  indicates  that:  1)  A-diff  (the 
difference  in  amplitude  between  the  L2-L3  and  the  L3-L4  segments)  is  the 
most  accurate  measure  of  transmissibility  2)  By  adding  weight  to  the  top  of 
the  specimen,  one  decreases  the  frequency  at  which  resonance  occurs.  3) 
Under  heavy  weighted  conditions,  the  natural  frequency  of  the  specimen 
appears  to  decrease  with  repetitive  injury.  4)  Transmissibility  at  the 
resonance  frequency  appears  to  decrease  with  repetitive  injury.  These  trends 
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may  exhibit  statistical  significance  upon  testing  a  greater  number  of 
specimens. 
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FIGURE  1. A:  LOAD  DISPLACEMENT  CURVE 


FIGURE  1.B  :  Anatomic  Frame  of  Reference 
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FIGURE  2:  Preliminary  Vibaration  Apparatus 
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FIGURE  3 1  Final  Vibration  Producing  Apparatus 
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FIGURE  4  I  Protocol  Flowchart 


FIGURE  5:  Flexibilty  Test  Results 
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FIGURE  6:  Typical  Motion  Plot 
(  input  frequency  approximately  5Hz) 


CO 

_ 1 

_l 

CM 

CO 

—I 

_l 

<► 

LO 


LD  || 

|| 

o 

^  o’  i 

5 

LO 

CO 

o 

5 

- 

LO  Jit  .  Aftir 

- 

CM  _ 

°  a— 

CM  ; 

o 

2 

lo  ! 

**”  ; 

d  i 

lo 

— — 

— © - h - — —H - 1 

o  o  o  o  o  o  o 

o  o  o  o  o  o  o 

ld'  o  lo  o  up  o  in 


(saajBap)  ucHsuapo/uopou  ui  juaujaoeidsip  je|n6ue 


time  (s) 


FIGURE  7:  Amplitude  of  vibration  as  a  function  of 

input  frequency 


<  < 

n  rj-  5 
-1  -I  Q 

C\J  CO 

_ 1  I  < 


o 

03 

I 

< 


input  frequency  (Hz) 


FIGURE  8:  Transmissibility  as  a  function  of 
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FIGURE  10:  Transmissibility  as  a  function  of  repetitive  injury 
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